Introduction
Quadrupole as well as sector field inductively coupled plasma mass spectrometry (ICP-MS) has been widely accepted as a powerful analytical technique for environmental and geochemical studies because of its very low detection limits together with rapid multielement capability. 1 56 Fe, respectively. However, these elements are very important for environmental and geochemical fields.
Chromium in environmental and biological systems has both essential and toxic characters. Iron is also an essential nutrient. Furthermore, Fe-bearing minerals, such as Fe oxy-hydroxides, generally act as not only heavy-metal carriers during river transport, [3] [4] [5] [6] [7] [8] [9] but also as heavy-metal reservoirs in soils and sediments. [10] [11] [12] Accordingly, it is of extreme importance to establish reliable methods to determine their concentrations.
Using at a nominal m/z of 57 appears to be more suitable for iron analyses for avoiding the most abundant argon oxide interferences ( 40 Ar 16 O + ). However, because the relative isotopic abundance of naturally occurring 57 Fe is only 2.2%, and interferences originating from 40 Ar 17 O and/or 40 Ar 16 O 1 H are too high to neglect, measurements under low signal/noise (S/N) ratio are possible. The same is true for Cr analysis due to interference from 40 Ar 12 C + , 36 Ar 16 O + and 38 Ar 14 N + . The ICP-MS equipped with a collision reaction cell (CRC) is becoming widely used to overcome the spectral overlaps for geochemical and environmental samples. 13, 14 The aim of this apparatus is to suppress any interferences by kinetic energy discrimination by collisions between inert gases, such as helium and polyatomic ions, or by the chemical reactions with reactive gases, such as hydrogen, methane and ammonia. However, the general use of reactive gases, especially that of ammonia gas, are limited due to clustering reactions, 13, 15 and the development of the analytical strategy avoiding the interference originating from the cluster ions is important. 16 On the other hand, the concentration of Cr for environmental assessment is extremely low. Accordingly, the authors purposely chose ammonia gas, because this reactive gas effectively reduces Ar-originated interferences. 13, 15 Since the sample types considered in environmental and geochemical analysis cover a wide variety of materials with diversely different natures, it is inevitable to consider every possible clustering reaction between reactive gases and matrix elements. In this study, the authors' attention was focused mainly on the optimization of the dynamic reaction cell (DRC)-ICP-MS system. For developing a systematic strategy to avoid interference from undesired clustering reactions, both the usefulness and limitations for Cr and Fe analyses in standard samples are also presented.
Experimental

Instrument
An Elan DRC II ICP-MS (Perkin Elmer SCIEX, Ontrio, Canada) was used in this work. Ammonia was used as a reactive gas in DRC to suppress the Ar-originated interference (ArC Despite environmental and geochemical interests, Cr and Fe have been left beyond the reach of determinations by ICP-MS due to severe interferences originating from Ar. The applicability of a dynamic reaction cell (DRC)-ICP-MS has been examined for determinations in environmental and geochemical samples. The reaction with NH3 in the DRC system provides an eligible technique to determine Cr, because of a greater improvement in the signal/noise (S/N) ratio due to an effective elimination of interferences arising from Ar (ArC, ArN and ArO), and makes it possible to analyze Cr even at sub-μg L -1 levels. As compared to non-DRC mode analyses, the DRC technique using m/z 56 appeared to be preferable for Fe determination in most terrestrial waters because of effective suppression of 40 
Samples
The standard reference materials used in this experiment are given in Table 2 .
Digestion by HF and HClO4
A 0.100-g portion of reference material (NIST 2711, SO-4, JB-2, JSd-1, JLk-1 and JSl-2) was treated with a 0.8-mL of HClO4 + HNO3 (1:1 mixture) at 150 C to decompose the organic matter, followed by a double treatment with a 0.8-mL portion of HClO4 + HF (1:1 mixture) at 150 C in a 15-mL Teflon bottle. After the removal of excess acids, the residue was then heated with 1 mL of HNO3 at 90 C and dissolved by adding 10 mL of water. This solution was finally made up to 100 mL (1000-fold dilution). Chromium was determined after a 100000-fold dilution.
Digestion by HNO3 and HF
A 0.100-g portion of the reference material (JDo-1 and JLs-1) was first digested with 1 mL of HNO3 and 0.1 mL of HF at 120 C for 1 h. Hydrofluoric acid was used to decompose small amounts of silicate minerals. After the removal of excess HF, the residue was treated with 10 mL of diluted HNO3 (acid:water = 1:9) at 90 C for 3 h. The solution was finally made up to 50 mL (500-fold dilution), and then filtered to remove any suspended residual particles. For ICP-MS analyses, these solutions were further diluted 200 times.
Result and Discussion
Optimization of the DRC setting
The effect of the ammonia gas flow rate on the signal/noise (S/N) ratios for 52 Cr, 54 Fe and 56 Fe, obtained by introducing 10 μg L -1 standard solutions, is shown in Fig. 1 . As compared with the conventional ICP-MS analyses, the S/N ratios for 52 Cr, 54 Fe and 56 Fe were greatly improved ( Fig. 1 ), when ammonia gas was used, indicating effective suppression of Ar-originated interferences. The optimum S/N ratios were obtained at ammonia flow rates greater than 0.2 mL min -1 for Cr and 0.4 -0.8 mL min -1 for Fe. Accordingly, a flow rate of 0.6 mL min -1 was selected. The general use of ammonia gas for suppressing Ar-originated ions is limited because of undesired clustering reactions. 15 For suppressing interferences from undesired cluster ions, the best bandpass tuning parameter value (RPq) was selected. , at m/z 56. The interference signals originating from K and Ca were significantly decreased when RPq values greater than 0.6 and 0.7 were selected, respectively ( Fig. 2(C) ).
However, the signals originating from the interferences were still higher than that of the blank solution. It can be seen that although a higher RPq enhanced the low-mass cutoff, the analyte signals decreased in a higher RPq range. An RPq setting of 0.75 was chosen as a compromise between the above two contradictory effects of the RPq value on the signal intensities of the interferent and the analyte for DRC mode determinations using 56 Fe. Thus, the interferences from K and Ca were not completely eliminated under the selected condition.
Comparison of DRC and non-DRC mode analyses for chromium
Cr analyses using m/z 52 are interfered by The results indicate that the interferences arising from Ar were effectively suppressed, or eliminated (Table 3) . Accordingly, the S/N ratio obtained by introducing 10 μg L -1 standard solutions was greatly improved ( Table 3 ).
The analysis of Cr is possibly interfered by Cl-originated ions. Chloride is one of the major components of river water, and HClO4 and HCl are widely used in rock and soil sample digestion. The Cr equivalent concentrations due to undesired oxide and/or cluster ions were examined by introducing 0.01 M HCl (Cl: 355 mg L -1 ). The results are summarized in Table 4 . Since Cl weakly reacted with NH3 gas, the effect of cluster interference on Cr analysis appears to be negligible. 17, 18 respectively, the interference is expected to be negligibly low for both DRC and non-DRC determinations. Furthermore, the results given in Table 4 indicate the small influence of Cl on Cr measurement in rock, soil and sediment samples, even if the HClO4 used in the acid digestion procedures was not completely removed during the final dry-up processes. These results reveal the suitability of the DRC technique for Cr analyses.
Comparison of DRC and non-DRC mode analyses for iron
The 57 Fe, determined by non-DRC, were examined by introducing a blank solution (5% HNO3). The results indicate effective suppressions of interferences arising from Ar by the reaction with ammonia gas, resulting in greater S/N ratios on both 54 Fe and 56 Fe, as compared to 57 Fe determined by non-DRC mode analysis ( Table 3) .
The analyses of Fe by the non-DRC mode using m/z 57 and by the DRC mode using m/z 54 and 56 were possibly interfered by Cl, K and Ca-originated oxide, hydroxide and cluster ions. Since these elements are major components of river water, the Fe equivalent concentrations due to them were examined by introducing 0.01 M HCl (Cl: 355 mg L 57 Fe analysis by the non-DRC mode. Considering the world-average concentration of Ca and Fe, overestimations due to Ca-originating ions are expected to be negligibly small for DRC mode analyses using m/z 56.
It can be concluded that the determination of Fe using m/z 56 by the DRC mode is beneficial in analyses of most terrestrial waters. However, because the interferences at m/z 56 were not completely eliminated, care should be taken in such case as Fe in Ca-rich samples, like calcite, limestone, coral and extracts by a CaNO3 solution as exchangeable phase in chemical extraction procedures must be analyzed. On the other hand, because it is not necessary to consider interference from Ca, the use of 54 Fe is expected to be advantageous in analyses of Fe in these samples.
Application of the DRC technique against Cr analyses of geochemical and environmental samples
The results given in Table 3 indicate that there are no significant interferences originating from matrices elements in environmental samples. Thus, it is expected that the suppression of Ar-originating interferences, such as Table 5 , together with the certified and/or recommended values. [19] [20] [21] [22] [23] [24] Excellent agreement with the certified value of SRM 1640 was obtained by both the non-DRC and DRC methods ( Table 5 ). Considering that the Cr concentration in SRM 1640 is extremely higher than the 1.4 μg L -1 of the Cr world-average concentration in rivers, 18 SLRS 4 is a more realistic standard sample for comparing the non-DRC mode with the DRC-mode in analyzing Cr concentrations in terrestrial water samples. Despite the fact that Cr in riverine water (SLRS 4) could not be successfully determined by the conventional method, the data obtained by the DRC mode analysis were in excellent agreement with the certified value. The lower RSD values also indicated the reliability of this ultra-trace determination.
Since the rock, soil and sediment samples were diluted 100000-fold, the Cr concentrations in the diluted solutions were as low as sub-μg L -1 levels. The advantage of the DRC technique could also be confirmed in Cr analysis, even under rocks and soil matrices. Although the agreements between the Cr contents determined by the non-DRC mode and the certified or recommended ones were not so poor, the larger RSD values manifested the unreliability of the obtained data. On the other hand, a great improvement of the S/N ratio by a reaction with NH3 (Table 3) led to excellent agreement with the certified and recommended contents. The small RSD value also indicates the reliability of the DRC technique.
Application of the DRC technique against Fe analyses of geochemical and environmental samples
The analytical results are summarized in Table 6 , together with the certified and/or recommended values. 19, 20, 23 Reliable data of Fe in standard materials could, in general, be obtained by DRC mode analyses. This is attributable to improvements of the S/N ratios due to the suppression of Ar-originating ion formations.
The determination of 57 Fe in SRM 1640 by the non-DRC mode resulted in a discrepancy between the analytical and certified values. The possibility of overestimations of the Fe concentrations might be attributed to interference due to 40 56 Fe would be expected to be of practical use for most terrestrial water samples.
As can be expected from Table 4 , the analytical results of Ca-rich samples (JDo-1 and JLs-1) by the DRC mode using m/z 56 were higher than the recommended value, indicating the occurrence of positive errors due to cluster and/or oxide ions. On the other hand, as described in the previous section, the advantage in 54 Fe determination lies in no interference arising from Ca, although the overlap due to 54 Cr must be taken into consideration. The data obtained by the DRC mode using an m/z of 54 was in excellent agreement with the recommended values.
Conclusion
The obtained results can be summarized as follows: Fe analysis was considered to be small. Therefore, it can be concluded that the determination of Fe using m/z 56 by the DRC mode is beneficial in analyses of most terrestrial water samples. 3. The interference at mass 56 due to the Ca-originating ion was not completely eliminated. Because it is not necessary to consider the interference from Ca, the use of 54 Fe is advantageous in analyses of Fe in Ca-rich samples, such as calcite, limestone and coral. 
